Background: Postinfarction ventricular septal rupture (PI-VSR) is a rare but devastating complication of acute myocardial infarction (AMI). Risk stratification in the acute phase is crucial for decision-making, and this study analyzed the risk factors for early mortality and the effects of various management options on the outcome of PI-VSR patients in the era of percutaneous intervention. Methods: A total of 96 patients with PI-VSR were identified and divided into an acute-phase survivor group (n = 46, survived ≥2 weeks after admission) and a nonsurvivor group (n = 50, died within 2 weeks after admission). Percutaneous closure was considered in acutephase survivors. Patients were followed up for a mean 47 (quartiles 15-71) months by clinical visit or telephone interview. Results: The overall acute-phase (i.e., < 2 weeks after the diagnosis of PI-VSR) mortality rate was 52%. Female sex and Killip Class III-IV at admission were associated with an increased risk of acute-phase death. Of the 46 patients who survived ≥2 weeks, 20 underwent interventional occlusion and the procedure was successful in 19. Percutaneous closure in the acute-phase survivor group improved the immediate (21% in-hospital mortality rate) and long-term (53% mortality) outcomes. Conclusions: Patients with PI-VSR are at a high risk of acute-phase mortality. Female sex and severe cardiac dysfunction at admission are linked with a high rate of acute-phase deaths. Percutaneous closure in acute-phase survivors results in favorable short-and long-term benefits for PI-VSR patients.
Management and Outcome of Ventricular
Postinfarction ventricular septal rupture (PI-VSR) is a rare but life-threatening mechanical complication of acute myocardial infarction (AMI) [1] . While the inci- dence of PI-VSR has decreased in the era of reperfusion, the mortality rate remains extremely high [2, 3] .
Promising outcomes have been reported with the use of transcatheter closure of PI-VSR, allowing immediate shunt reduction to prevent hemodynamic deterioration [4] . Hence, transcatheter closure has become a valuable alternative to surgical repair, with a high rate of procedural success [5] . Nevertheless, an important heterogeneity concerning the timing of transcatheter closure can be observed among studies [5] [6] [7] [8] [9] [10] . The current ST-elevation myocardial infarction (STEMI) guidelines of the European Society of Cardiology (ESC) and the American College of Cardiology Foundation/American Heart Association (ACCF/AHA) recommend urgent PI-VSR closure irrespective of hemodynamic status [11, 12] , but the timing of PI-VSR closure and perioperative therapeutic management remain controversial [13] . In previous studies, most percutaneous device closures were performed during the subacute and chronic periods (≥2 weeks) after the initial detection of PI-VSR [4, 8, 10, 14] . The mortality associated with delayed percutaneous closure (≥2 weeks after PI-VSR detection) was reported to be 6.1-10.0% [8, 10] , while mortality after early closure (< 2 weeks after PI-VSR occurrence) was as high as 66% [6] . This is likely explained by a selection bias, so the patients considered too sick to wait for delayed closure and those who died during the waiting period need to be identified.
Risk stratification is essential to improve the decisionmaking for PI-VSR patients. The goals of this study were: (1) to compare the clinical and angiographic features of PI-VSR patients who died or survived within 2 weeks after identification of PI-VSR and identify the risk factors for early (i.e., < 2 weeks) mortality of PI-VSR patients; (2) to evaluate the effects of management options including PI-VSR closure in acute-phase survivors and identify risk factors related to the mortality of these patients after PI-VSR closure.
Methods

Patient Selection
Our retrospective analysis included 96 patients with PI-VSR hospitalized at 5 Chinese heart centers from December 2007 to July 2017. Primary data were extracted from the electronic medical or archived records by trained staff. Data were collected regarding patient demographics, clinical features, preprocedural clinical condition, echocardiography features, and procedural variables as well as treatment options (including medical and surgical), and outcomes of all patients. The inclusion criteria were: (1) patients admitted for AMI and had emergent cardiac catheterization for VSR; (2) AMI patients with hemodynamic compromise with echocardiographic evidence of VSR. Patients who died at initial presentation were excluded, including those who did not survive the emergent cardiac catheterization. Diagnosis of AMI was made according to the definition of myocardial infarction from the Fourth Universal Definition of Myocardial Infarction [15] .
Coronary Angiography and Stenting
Coronary angiography was performed using the standard percutaneous radial artery approach. The femoral approach was used when an intra-aortic balloon pump (IABP) was required in case of hemodynamic instability. Percutaneous closure was performed immediately if hemodynamics continually worsened after using IABP. All angiographic data obtained from the catheterization laboratory records were assessed using conventional protocols. Of the 20 patients with VSR interventional occlusion attempts, 17 did not undergo percutaneous intervention (PCI) before VSR occlusion because they exceeded the time window for performing emergency PCI. The timing of PCI and antiplatelet therapy was at the physicians' discretion. Usually, VSD closure was performed prior to PCI, but PCI would proceed closure if the patient presented with unstable angina and if coronary angiography showed a culprit lesion in proximal vessels with a heavy thrombosis burden [8] . All patients received standardized treatment for AMI [11, 12] ; the PCI strategy and antiplatelet therapy were performed at the discretion of the physician.
Device and Interventional Closure
The closure devices and implantation technique were similar to those described in our previous report [16] . Vascular access was generally obtained via the right femoral artery and vein, but the femoral arterial and jugular venous approach was used for arteriovenous guidewire-loop creation in patients with an apical VSR. All patients had a chest X-ray, transthoracic echocardiography, and electrocardiogram within 24 h following the procedure. All patients completed a median clinical follow-up of 47 (quartiles 15-71) months in the form of a clinical visit or telephone interview.
Statistical Analysis
Statistical analysis was performed using SPSS v23.0 (IBM, Armonk, NY, USA). All continuous variables were expressed as mean ± standard deviation (SD) or median (range), as appropriate. Categorical data were presented as frequency (percentage). Comparisons of baseline data were performed using the χ 2 test or Fisher's exact test (categorical variables) and Student's t test or the Wilcoxon rank sum test, as appropriate (continuous variables). Clinical and procedural parameters were tested for an association with acute-phase death using logistic regression. All tests were two-sided and p < 0.05 was considered statistically significant.
Results
Patient and Clinical Characteristics
Between December 2007 and July 2017, 96 patients were diagnosed with PI-VSR and met the inclusion criteria for this study. Baseline demographic and clinical data of these patients are listed in Table 1 with PI-VSR were grouped as acute-phase survivors (n = 46, survived ≥2 weeks after diagnosis of PI-VSR) and nonsurvivors (n = 50, died within 2 weeks after the diagnosis of PI-VSR). Patients who developed VSR and died within 2 weeks were more likely to be older (p = 0.016), female (p = 0.020), and more often had Killip Class III-IV at admission (p = 0.002) than those who survived ≥2 weeks (Table 1) . Meanwhile, patients in the acute-phase survivor group more often had a history of angina or myocardial infarction (p = 0.046) or ventricular aneurysm (p = 0.002), and a larger left ventricular end-diastolic volume (LVEDV) (p = 0.004) ( (Table 2) . On the other hand, a history of angina and ventricular aneurysm were protective factors against acute-phase death in PI-VSR patients.
This study observed that 82% of AMI patients with VSR and Killip class III-IV at admission died within 2 weeks after a diagnosis of PI-VSR. The territory of the infarction was anterior in 52 patients (54%) and inferior in 31 (32%); there was no significant difference between the 2 groups. The use of IABP was common in both groups.
Angiographic Characteristics
Angiographic data were available for 62 of the 96 PI-VSR patients (65%) ( Table 3) . Patients with PI-VSR were more likely to have TIMI grade 0 or 1 flow at first coronary angiography, and 60% had total occlusion of the infarct artery. The infarct-related artery was more often the LAD in patients with PI-VSR. Forty-five out of the 62 patients (73%) had 2-or 3-vessel disease. The PI-VSR patients who died within 2 weeks after diagnosis were more likely to have a culprit lesion in the LAD and a lower incidence of collateral flow to the infarcted area than those who survived ≥2 weeks after diagnosis. Nevertheless, LAD infarct and absence of collateral flow were not independent predictors of mortality.
Percutaneous Device Closure and Follow-Up Results PI-VSR was considered for acute-phase survivors. Closure was unsuitable for 26 patients due to instable clinical conditions, so they received conservative therapy; they all died during hospitalization due to cardiogenic shock. Twenty of 46 patients in the acute-phase survivor group received percutaneous closure. The median time from PI-VSR diagnosis to percutaneous closure was 23 (range 14-62) days. The infarction territory was anterior in 8 patients (40%) and inferior in 12 (60%). The defect site was evenly distributed between anterior (n = 5), apical (n = 9), and inferior territories (n = 6). Devices were successfully implanted in 19 patients (95%). The reason for failed closure in 1 patient was the presence of a diffuse defect; this patient received emergent surgical repair after failed percutaneous closure but died hours later due to refractory cardiac shock. In the 19 patients with successful percutaneous closure, the median VSR size was 13 (range 8-21) mm and the median device size was 19 (range 14-32) mm. In total, 4 patients died within 0-7 days after the successful percutaneous closure (in-hospital mortality, 20%). Reasons for early death included: LV free wall rupture (n = 1), cerebral hemorrhage (n = 1), and persistent shock and multiple organ failures (n = 2). Fifteen patients were discharged and received regular clinical or telephone follow-up for a median 47 (quartiles 15-71) months. Seven patients were still alive. Clinical features of survivors and nonsurvivors after percutaneous closure are listed in Table 4 . Although the number of PI-VSR patients who underwent percutaneous device closure was insufficient to fully determine the characteristics associated with long-term mortality, there was a tendency suggesting that younger age and smaller defect size are favorable factors for long-term survival in this setting.
Discussion
PI-VSR is an infrequent but devastating complication of AMI. With advances in interventional technologies and experience, the management of this complication has improved. This study demonstrated that 52% of all patients died within the first 2 weeks after PI-VSR, even with optimal medical treatment and/or IABP support. The patients who survived ≥2 weeks and underwent successful percutaneous closure showed a trend toward a favorable long-term outcome.
Risk Factors for Early Death in Patients with PI-VSR
Patients who developed VSR and died within 2 weeks were more likely to be of advanced age and female than those who survived ≥2 weeks. In the SHOCK and GUSTO-I studies [1, 17] , these factors were also associated with PI-VSR occurrence. Furthermore, advanced age and female sex were identified as risk factors for mortality in a long-term follow-up of PI-VSR patients [9] . Cardiac shock in PI-VSR patients has been associated with an increased risk of death [7, 9, 17, 18] . Similarly, our study showed that the majority of PI-VSR patients who had Killip class III-IV at admission died within 2 weeks. These findings further underline the importance of stabilizing the hemodynamics at an early stage of PI-VSR. Interestingly, acute-phase survivors of PI-VSR often experienced complications like ventricular aneurysm and a larger LVEDV. It can be hypothesized that the formation of ventricular aneurysm and a larger LVEDV contribute to the decreased pressure gradient between the left and right ventricles, which prevents further tearing of the septal tissue. The prevalence of a history of angina or myocardial infarction was also higher in the acute-phase survivors of PI-VSR. This finding hints at a likelihood of more coronary collateral formation in these patients. In fact, angiographic examination confirmed that PI-VSR patients who died within 2 weeks after the diagnosis of PI-VSR were less likely to have collateral flow to the infarcted area and more likely to have a culprit lesion in the LAD than those who survived for ≥2 weeks.
Timing of Percutaneous Closure
The optimal therapeutic strategy and timing for VSR closure in patients with PI-VSR is a matter of ongoing debate. Although current guidelines recommend immediate intervention in patients with PI-VSR regardless of their clinical status [11, 12] , the majority of percutaneous closures were performed during the subacute or chronic phase [4, 8, 10] . In our series, among the 19 acute-phase survivors who had relatively stable hemodynamics and underwent successful closure, only 4 (21%) died before discharge. In a prospective analysis, Zhu et al. [8] reported a mortality of only 10% in 22 PI-VSR patients post percutaneous closure during the subacute or chronic phase. Similarly, Xu et al. [10] reported a 97% procedure success rate in 33 PI-VSR patients at subacute or chronic phase. These results collectively suggest that delayed percutaneous closure of PI-VSR might be feasible and effec- tive for subacute-or chronic-phase PI-VSR patients. However, the overall 30-day in-hospital mortality rate after acute percutaneous closure remained high. Zhu et al. [8] and Xu et al. [10] reported 23 and 66.7% mortality in patients who underwent percutaneous closure within the first 2 weeks after PI-VSR occurrence. Furthermore, Thiele et al. [6] reported a mortality rate of 66% in PI-VSR patients who underwent primary percutaneous closure in the acute phase. Similarly, high mortality was observed in early surgical series, while operative mortality was reduced in PI-VSR patients receiving delayed surgical repair [19] . The reason for high mortality in patients undergoing percutaneous or surgical repair in the acute phase might relate to the infarcted myocardium, which is weak and friable in the acute phase following AMI and, together with the unstable hemodynamic status, serves as an unfavorable factor for the high mortality of PI-VSR patients associated with repair conducted in the acute phase.
Limitations
The main limitation of this study was the retrospective design. Due to the low incidence of PI-VSR in the current era of thrombolytic and interventional treatment of AMI, the study population was relatively small and the study period spanned a long time. In addition, the study lacked randomized comparisons between acute-phase and delayed transcatheter therapy. However, the relevant literature was reviewed in order to assess the best approach for this population.
Conclusion
Our study confirms the high acute-phase mortality of patients with PI-VSR. Female sex and Killip Class III-IV at admission were associated with an increased risk of death in the acute phase (< 2 weeks after the diagnosis of PI-VSR). Most importantly, our data revealed the satisfactory outcomes of patients who survived the acute phase and underwent successful percutaneous closure, the in-hospital mortality was low (21%), and around half of the patients discharged from the hospital were still alive at a median of 47 (quartiles 15-71) months of follow-up.
